A complete solid solution series between the t 4 2g perovskite ferromagnet SrRuO3 and the diamagnetic t 6 2g perovskite LaRhO3 has been prepared. The evolution with composition x in (SrRuO3)1−x(LaRhO3)x of the crystal structure and electrical and magnetic properties has been studied and is reported here. As x increases, the octahedral tilt angle gradually increases, along with the psuedocubic lattice parameter and unit cell volume. Electrical resistivity measurements reveal a compositionally driven metal to insulator transition between x = 0.1 and 0.2. Ferromagnetic ordering gives over to glassy magnetism for x ≥ 0.3 and no magnetic ordering is found above 2 K for x > 0.5. Msat and ΘCW decrease with increasing x and remain constant after x = 0.5. The magnetism appears poised between localized and itinerant behavior, and becomes more localized with increasing x as evidenced by the evolution of the Rhodes-Wohlfarth ratio. µ eff per Ru is equal to the quenched spin-only S value across the entire solid solution. Comparisons with Sr1−xCaxRuO3 reinforce the important role of structural distortions in determining magnetic ground state. It is suggested that electrical transport and magnetic properties are not strongly coupled in this system.
I. INTRODUCTION
SrRuO 3 is a 4d (t 4 2g e 0 g ) transition metal oxide crystallizing in the orthorhombic ABO 3 perovskite structure.
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Unusually for a 4d transition metal oxide, SrRuO 3 exhibits ferromagnetic ordering below its Curie temperature T c of 160 K. This is in contrast to other 4d perovskites such as (Ca,Sr,Ba)MoO 3 whose metal d -O p conduction bands are too disperse to stabilize magnetic ordering. Closely related CaRuO 3 is, in contrast to SrRuO 3 , a paramagnetic metal while BaRuO 3 orders ferromagnetically at a lower T c of 60 K. 3, 4 Recent renewed interest in SrRuO 3 has origins in the unusual negative spin polarization, as determined from tunneling measurements, 5 that enables multilayer devices with inverted magnetoresistance behavior by combination with materials exhibiting the more usual positive spin polarization. 6 The nature of magnetism in SrRuO 3 , localized versus itinerant, continues to be examined using chemical substitution as a probe. 4 Additionally, as SrRuO 3 is a commonly used electrode material in heteroepitaxial perovskite architectures, recent attention has been paid to the thickness-dependence of properties.
7,8
Jones et al. 9 performed room temperature neutron diffraction studies studies to determine the structure of SrRuO 3 while Bushemeleva et al. 10 performed low temperature experiments and obtained a magnetic moment per Ru atom of 1.63±0.06 µ B at 10 K. They also explained a previously observed Invar effect 11 of the lattice parameters a and b below below T c as deriving from the freezing of RuO 6 octahedra tilting and rotation. Additionally, a very slight Jahn-Teller distortion, 40 times smaller than in LaMnO 3 , was noted.
10
The reported Invar effect in SrRuO 3 is indicative of itinerancy as it also occurs in 3d transition metal itinerant ferromagnets such as Fe-Ni alloys. 11 Values from heat capacity, ∆C and ∆S, 12, 13 and the NMR relaxation rate 1/T 1 14 are all lower than the values expected from the localized spin model. Many electronic structure calculations predict band ferromagnetism with a reduced noninteger moment and this is consistent with the precise moment value extracted from low temperature neutron scattering experiments. Additionally, the linearity of the Arrot plot for small H/M predicted for itinerant magnets is observed in SrRuO 3 .
15
Extensive computational investigations of the magnetism and electronic structure of SrRuO 3 and its behavior in solid solutions have been carried out. [16] [17] [18] Despite its itinerant nature, Mazin and Singh emphasize the importance of structural distortion in SrRuO 3 which changes the Ru-O-Ru bond angle and affects ferromagnetic coupling.
16 A large peak is seen in the density of electronic states at the Fermi level which supports magnetic ordering via the Stoner criterion. 19 In the more distorted CaRuO 3 the density of states is not as strongly peaked, and it therefore displays no magnetic order but is believed to be on the verge of a ferromagnetic instability. Other LSDA studies of SrRuO 3 and CaRuO 3 by Santi et al. show both to be ferromagnetic. 17 Rondinelli et al. find that their computed electronic structure of SrRuO 3 agrees better with experimental spectroscopic data when moderate electron correlations are included through a arXiv:1010.2766v2 [cond-mat.mtrl-sci] 9 Jan 2012 0.6 eV on-site Hubbard term. 18 Maiti and Singh fit photoemission data and find a small U/W of 0.2 for both CaRuO 3 and SrRuO 3 which similarly suggests these compounds are not significantly correlated. 20 Calculations comparing ideal cubic structures and real distorted structures reveal the important role of A-O covalency and Ru-O-Ru bond angle.
21
In recent work on SrRuO 3 solid solutions, Mamchik et al. investigated substitution by antiferromagnetic LaFeO 3 22 and LaCoO 3 . 23 In both cases, a spin glass forms upon substitution and a gradual metal-insulator transition is suggested to occur by Anderson localization. Additionally, large switchable local moments are formed around the substituted B-site (Fe or Co) due to the spin polarization of the itinerant electrons in SrRuO 3 . An analogy with 3d transition metal impurities in Pd has been suggested and correspondingly, and large negative magnetoresistance is reported. Pb substitution has been attempted on both the A and B sites with mixed results. Cao et al. perform substitution, ostensibly on the B site, and report an increase in T c to 210 K. 24 Cheng et al. on the other hand, replace Sr with Pb on the A site and observe a reduction in T c with no magnetic ordering for x = 0.6 or higher. 25 The effect of structural distortion on the magnetism of SrRuO 3 has been of great interest for the past 50 years. Most simply accomplished by isovalent substitution on the A site, replacement of Sr by both Ca and Ba has been investigated. Sr 1−x Ca x RuO 3 has been the subject of a sizable number of experimental on both single crystals and polycrystalline samples, and through computational studies. However, the results are somewhat varied. 3, 4, 11, 14, [26] [27] [28] [29] [30] [31] [32] Specifically, there are reports of glassy magnetic ordering persisting to x = 0.95, 28 while most studies seem to agree on a value of x = 0.7, beyond which no magnetic ordering is observed. Ba substitution, on the other hand, is harder to perform as high pressure is required to stabilize BaRuO 3 in the perovskite phase. Recently, the entire solid solution series ARuO 3 (A = Ca, Sr, Ba) was studied by Jin et al. 4 These authors report that the Curie temperature decreases with substitution of either Ca or Ba, and they attribute this to many competing effects, including changes in octahedral tilting and rotation, Jahn-Teller distortions, and covalence. With Ba substitution, T c suppression is explained by band broadening. In the case of Ca substitution, these authors report the formation of a Griffiths phases, characterized by some signature in the paramagnetic susceptibility at the ordering temperature of the parent phase, T G , due to local clusters of the ferromagnet persisting in the dilute system. 33 
Additionally, despite the occurrence of a compositionally driven metal-insulator transition, ferromagnetism persists, with behavior turning glassy as x increases. Curie-Weiss analysis reveals that Θ CW decreases with LaRhO 3 substitution and is equal to T c for low valuies of x, while µ eff per Ru 4+ is equal to the spin-only S value across the solid solution. Interestingly, we find that the ferromagnetism of SrRuO 3 is disrupted only slightly more quickly by LaRhO 3 substitution than it is with isovalent replacement of Sr by Ca. This suggests that increased octahedral tilting is almost as detrimental to ferromagnetism as is filling t 2g , and reinforces prior studies that emphasize the significance of structural distortion.
II. METHODS
Polycrystalline (SrRuO 3 ) 1−x (LaRhO 3 ) x pellets were prepared using solid state reactions at high temperatures. Stoichiometric amounts of SrCO 3 , La 2 O 3 , RuO 2 , and Rh 2 O 3 were ground with an agate mortar and pestle, pressed at 100 MPa, and fired in air, first at 1000
• C for 24 h and then between 1200
• C and 1400
• for 96 h with intermediate grindings in accordance with previous preparations of SrRuO 3 1 and LaRhO 3 35 . The pellets were placed on beds of powders of the same composition to avoid contamination with crucible constituents. The phase purity of all samples was confirmed by laboratory x-ray diffraction on a Philips X'Pert diffractometer with Cu-K α radiation. Select samples were also examined by high resolution synchrotron powder x-ray diffraction at the 11-BM beamline at the Advanced Photon Source, Argonne National Laboratory. Rietveld 40 refinement was performed using the XND Rietveld code. a closed-cycle He refrigerator. Magnetic properties were measured using a Quantum Design MPMS 5XL SQUID magnetometer and the ACMS option in a PPMS. 
III. RESULTS AND DISCUSSION

A. Structure
The crystal structures of SrRuO 3 and LaRhO 3 as determined by Rietveld refinement of powder XRD data are depicted in FIG. 1. Both end-member compounds crystallize in the orthorhombic perovskite crystal structure, space group P nma (No. 62), with the latter showing a greater degree of octahedral tilting. Powder XRD shows the single phase nature of the entire solid solution as all observable peaks are expected from the structure. Upon LaRhO 3 substitution, many of the peaks display enhanced splitting due to increased orthorhombic distortion. Figure 2 shows high resolution synchrotron powder x-ray diffraction data and Rietveld refinement for the x = 0.5 and 0.8 samples. The high quality data further confirm the single phase nature of the materials and refined La/Sr ratios agree well with stoichiometry. The refined cell parameters and unit cell volume are presented in Table I. The composition dependence of structural parameters is shown in FIG. 3 . The individual cell parameters do not follow the Végard law due to the effect of octahedral rotations and tilts. Instead, the unit cell volume and psuedocubic cell parameter follow the Végard law as evidenced by the cubic and linear fits to the data. The observation that the Végard law is obeyed across the solid solution strongly suggests that there is no change in the oxidation states of the transition metal ions Ru 4+ or Rh function of composition. It is seen that octahedral tilting increases with LaRhO 3 substitution as expected based on the larger A-cation charge and therefore the smaller tolerance factor:
) is 0.994 for SrRuO 3 and t = 0.945 for LaRhO 3 using ShannonPrewitt 44 effective ionic radii. The perovskite tilt and rotation systems are described by Glazer, with P nma belonging to the a − b + a − tilt system. 45 For comparison to (SrRuO 3 ) 1−x (LaRhO 3 ) x , the tilt angle of CaRuO 3 , which is nearly the same magnitude as in LaRhO 3 , is displayed as a horizontal dashed line. Since Ca substitution on the Sr site of SrRuO 3 significantly influences properties, the analogous tilting in the SrRuO 3 -LaRhO 3 solid solution is expected to have a similar effect and be an important ingredient to understanding physical properties.
B. Electrical transport
DC electrical resistivity measurements were performed across the solid solution series as presented in FIG. 4 . SrRuO 3 is a metal, exhibiting a positive temperature coefficient of resistivity, and has a resistivity near 10 −3 Ω cm at 300 K. Its resistivity displays a kink at the ferromagnetic T c due to a change in the magnetic scattering of conduction electrons. The x = 0.1 sample has a small upturn in resistivity below 125 K which is characteristic of weak localization. A compositionally driven metal-toinsulator transition is observed between x = 0.1 and 0.2 where ρ at room temperature becomes greater than the Mott maximum metallic resistivity of 10 −2 Ω cm. For x ≥ 0.2 the temperature coefficient of resistivity is always negative.
C. Magnetism
Key magnetic data characterizing the solid solution, as determined through analysis of the temperaturedependent magnetic susceptibility, including Curie-Weiss analysis, and measurement of M vs. H at 2 K, and are presented in Table II . Curie-Weiss analysis included a temperature independent term for capturing the diagmagnetism of the sample and sample holder background. The value of this parameter was negative and small (≈10 −5 emu/mol) for all fits, as expected for diamagnetism, though no trend in its value was observed.
Zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility data were collected as a function function of temperature under a DC field of 1000 Oe. The data are displayed in FIG. 5, with the low-temperature branches in each set of measurements corresponding to the ZFC data. We confirm that the T c of SrRuO 3 is approximately 160 K as evidenced by the sharp upturn in susceptibility at that temperature. The Curie temperature T c decreases with LaRhO 3 substitution and the ordering transition broadens in temperature. For x > 0.5 the system no longer orders and instead has local moment paramagnetic behavior, although the sample with x = 0.6 does display distinct ZFC and FC traces at very low temperatures. A slight rise in χ for the x = 0.1 sample occurs at ≈160 K. Although no evidence is seen in the laboratory XRD data, we attribute this to a very small impurity of SrRuO 3 based on the ordering temperature, and this persists despite continued regrinding, repelletization, and reheating during the preparation procedure. This deviation in susceptibility may be interpreted as Griffiths phase behavior, although we find it more consistent with incomplete reaction and sample inhomogeneity. The system remains ferromagnetic until x = 0.3 where it begins to display the formation of glassy states as observed by the susceptibility reaching a maximum, decreasing, and leveling off to a constant value. Contrary to previous reports, 36,37 the end-member LaRhO 3 is found to display diamagnetic behavior with negative susceptibility until low temperatures (≈10 K) at which point paramagnetic impurities or defects become dominant. The absence of diamagnetic behavior in the previous reports was attributed to the presence of small amounts of Rh 4+ occurring due to impurities or defects.
To verify the glassy state of the x = 0.3 sample, we conducted frequency-dependent AC magnetic susceptibility measurements, as displayed in FIG. 6 . The dispersion in the peak susceptibility as a function of the frequency of the AC field is characteristic of glassy magnetism. While not shown, no such frequency dependence of magnetic ordering was seen in the x = 0.1 sample.
The dependence of magnetization on field for (SrRuO 3 ) 1−x (LaRhO 3 ) x at 2 K is shown in FIG. 7 . Hysteresis associated with domain behavior is observed for x ≤ 0.5. M sat is defined as the magnetization at 2 K and 5 T, however none of the samples reach saturation. Sharp discontinuities in magnetization, attributed to powder crystallite rotation under a magnetic field, prevent an analysis of coercivity as a function of substitution. The Curie-Weiss relation χ = C/(T − Θ CW ) can be recast according to:
which allows normalization of susceptibility-temperature plots as shown in FIG. 8 . The utility of such plots has been amply demonstrated in the analysis of other solidsolution systems. 46 For example, the scaled temperature axis allows the frustration index defined f = Θ CW /T c to be directly read off. It is seen that all five SrRuO 3 -rich samples in the FIG. 8(a) order at temperatures corresponding to T c ≈ Θ CW suggesting that they obey expectations from the Curie-Weiss relationship rather well. At temperatures above the ordering temperature, positive deviations from the ideal Curie-Weiss line reflect the presence of compensated antiferromagnetic short range interactions, while negative deviations reflect uncompensated interactions (ferromagnetism or ferrimagnetism). The ferromagnetic samples (x = 0.0, 0.1, and 0.2) all deviate from ideal Curie-Weiss behavior at their Θ CW and thus nearly all lie on top of one another on the normalized plot. In contrast, the glassy samples (x = 0.3, 0.4, and 0.5) deviate significantly above their Θ CW . The positive deviation is however difficult to understand, and may have something to do with the nature of the local moments, associated with orbital degeneracy on Ru 4+ . Note that plots for x ≥ 0.4 may be difficult to interpret due to having Θ CW near zero. In FIG. 8(b) samples on the LaRhO 3 -rich side also display deviations from CurieWeiss behavior. For larger values of x the majority of interactions become Ru-O-Rh and Θ CW takes on a small negative value. At low temperatures, the deviations are below the Curie-Weiss line, suggesting that they are not fully compensated, as would be expected for a random alloy.
The fact that the (SrRuO 3 ) 1−x (LaRhO 3 ) x samples with x ≤ 0.4 follow Curie-Weiss behavior should not by itself be taken as evidence for local-moment behavior.
48
Instead we employ the Rhodes-Wohlfarth ratio, n eff /M sat to probe the degree of local-moment versus itinerant electron behavior in this solid solution series. 39 Here n eff is the number of unpaired electrons obtained from analysis of the µ eff , and for the region of interest, n eff is simply 2S. We find a ratio of 1.43 for SrRuO 3 , using n eff and M sat determined here, which is larger than previous reports of 1.3 by Fukunaga et al. 27 A ratio of 1.23 is obtained if one uses the spin only n eff of 2 for Ru 4+ and the M sat value of 1.63 as found by Bushmeleva et al.
10 from low-temperature neutron diffraction. FIG. 9 displays the ratio as a function of T c for (SrRuO 3 ) 1−x (LaRhO 3 ) x along with data for other well studied systems. We find (SrRuO 3 ) 1−x (LaRhO 3 ) x to behave intermediate between itinerant and localized for all compositions with magnetic ordering. n eff /M sat deviates further from itinerant behavior and closer to localized behavior with increased LaRhO 3 substitution. This is expected as there are fewer free carriers as the sample becomes more insulating. It is notable that there is no sharp jump in the ratio at the compositionally driven metal-insulator transition between x = 0.1 and 0.2. The trend with substitution is disrupted as the system turns glassy. FIG. 10 summarizes the findings of this work in the form of a property-composition phase diagram. It displays the electrical resistivity ρ at 300 K, Curie temperature T c , Curie-Weiss temperature Θ CW , saturation magnetization M sat at 2 K and 5 T, and effective moment µ eff as a function of LaRhO 3 substitution, using the data from Table II . From panel (a), we see that the formal compositionally-driven metal-to-insulator transition takes place between x = 0.1 and 0.2. Panel (b) shows that Θ CW first decreases smoothly with LaRhO 3 substitution as similarly seen for LaFeO 3 , LaCoO 3 , and Ca substitution, but then, in contrast to those systems, levels off for large x. 22, 23, 26 We have employed T c values determined from peaks in (∂χ/∂T ) using field-cooled χ. For small 0 ≤ x < 0.5, T c ≈ Θ CW suggesting that Curie-Weiss behavior is obeyed. Around x = 0.5, the value of Θ CW becomes small and negative, and this is the region beyond which there is no evidence for magnetic ordering. T c decreases with LaRhO 3 substitution, as might be expected given that magnetic Ru 4+ are diluted with increasing x, but the rate at which the decrease takes place is only slightly faster that what is seen in the Sr 1−x Ca x RuO 3 system. 30 The Ru-O-Ru bond angles also decrease with x in a similar manner as is seen in Sr 1−x Ca x RuO 3 and the suggestion is that structural effects as x increases are perhaps as important as the effect of filling t 2g . Comparisons can be made with the Co 1−x Fe x S 2 pyrite system which exhibits Stoner ferromagnetism. [49] [50] [51] There, it is observed that T c remains constant over a large range of x while in (SrRuO 3 ) 1−x (LaRhO 3 ) x we find that T c drops rapidly with LaRhO 3 substitution. This may suggest that (SrRuO 3 ) 1−x (LaRhO 3 ) x does not strictly follow Stoner-Wohlfarth band ferromagnetism. Further, the x = 0.2 sample is a good ferromagnet despite being an electrical insulator. M sat per Ru decreases with LaRhO 3 substitution as seen in FIG. 10(c) , in the region of magnetic ordering, and then is more-or-less flat with x. As previously reported, SrRuO 3 has a µ eff equal to the spin only S value for Ru 4+ as the orbital contribution expected for an octahedral d 4 cation is quenched out. 1 As shown in FIG. 10(d) , this does not change with LaRhO 3 substitution, as µ eff remains essentially constant across the solid solution as the Ru coordination environment remains unchanged.
IV. CONCLUSIONS
This study of the electrical and magnetic properties of (SrRuO 3 ) 1−x (LaRhO 3 ) x has enabled some important observations and conclusions regarding the magnetism in SrRuO 3 to be made. We note the magnetism in the solid solution does not require metallic conduction in order to persist. While the Rhodes-Wohlfarth ratio has previously been reported for SrRuO 3 and provided as evidence of intermediate behavior between localized and itinerant, we demonstrate that alloying with a diamagnetic semiconductor pushes the behavior to become more localized. Comparison with Sr 1−x Ca x RuO 3 reveals that octahedral tilting is nearly as effective at disrupting ferromagnetism in (SrRuO 3 ) 1−x (LaRhO 3 ) x as is the dilution of magnetism achieved by filling t 2g .
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